It is confirmed by measurements of fluorescence spectra and quantum yields that the fluorescence in tolan originates from the same state that causes the absorption band at lowest energy. The temperature dependence of the fluorescence quantum yield shows that this state is thermally deactivated with an activation energy of Ea = 14.0 kJ/mol. Geometry optimizations of the states SO, SI, and TI of tolan with the semiempirical AM1 method lead to planar structures with Dzh symmetry. Potential energy curves along the triple-bond stretching coordinate have been calculated for several low-lying excited states with a combination of the AM1 and the INDO/S methods. It is found that for large triple-bond lengths, the llA,-state with UT* character becomes thelowest excited singlet state. It is proposed that thermal deactivation of SI( llBlu) leads to this state. Nonvertical excitation of 11A, could explain the weak lines found in supersonic jet experiments below the onset of the llA, -l1B1,, transition.
Introduction
Recently, the character and the energetic ordering of the lowlying electronic singlet states of diphenylacetylene (tolan) have been studied by high-resolution one-and two-photon spectroscopy in the supersonic jet1 and inert gas matrices.2 The ground state of tolan belongs to the point group Dzh. From the mutually exclusive selection rules observed in the one-photon and twophoton excitation spectra it was concluded that the point group is conserved in the lowest excited states. The longest-wavelength transition observed at 290 nm in solution is strong, long-axispolarized3 and hence can be assigned to a state of the irreducible representation IB,,. In the excitation spectra of the isolated molecule, weak lines were found below the electronic origin of the strong llA, -11B1, transition. On the basis of an earlier %-electron calculation,4 these lines were assigned to transitions to the states 2IA, and 11B2,. In the condensed phase, no lines to the red of the 11A, -11B1, transition could be found.2 In addition, semiempirical MO calculations including Q electrons strongly suggest that the state most likely responsible for the additional lines in the supersonic jet spectrum is llAu. The transition to this state of UT* character is forbidden and should experience only a small red shift. Hence the question of the relativeordering of the singlet states in tolan seemed to be settled, with 1 'A, being lowest in the isolated molecule and 1 lBlu lowest in the condensed phase.
A recent paper by Hirata, Okada, Mataga, and Nomoto (in the following, abbreviated with HOMN) reported transient absorption measurements with picosecond time resolution following excitation of tolan into its longest-wavelength absorption band at 290 nm.5 Three transient species X, Y, and T were assigned. From the rise and decay times, the excitation and relaxation sequence S,-.X-.Y-.T (1) was established. The species T was assigned to the triplet state 0022-3654/93/2097-13457%04.00/0 due to its rather long lifetime which fell outside the range accessible with the picosecond apparatus. The decay time of X coincides with the rise time of Y and the fluorescence lifetime. Hence this species X was assigned to the fluorescing state. From the mirror symmetry of the absorption and fluorescence spectra it can be deduced that this is the same state (llBlu) responsible for most of the absorption in the lowest energy absorption band of tolan.
The time-resolved measurements of HOMN showed that the decay from X to Y occurs within 8 ps at room temperature but is slowed down considerably at lower temperatures. An Arrhenius plot of In kx, the observed rateconstant, versus 1 / Twas performed to obtain an activation barrier of =8 kJ/mol for this process in several solvents with quite different viscosities. The decay of Y leading to T is temperature independent with a rate constant of ky = 5 X logs-'. The absenceof any viscosity effect on thedecay of X -Y is taken as evidence against a conformational change involved in this process. (But only large-amplitude movements leading to twisted conformations were considered.) Hence, HOMN assign Y to the lowest excited singlet state of either B2, or A, symmetry, and consequently, the fluorescing state X had to be assigned to a higher singlet state. Fluorescence from higher excited singlet states is usually extremely weak in the condensed phase, and S2 -SO fluorescence with a quantum yield larger than 10-3 has been observed in few cases only. The best known example is azulene with an energy gap between SI and S2 of 13 400 cm-1.6 For all other examples this energy gap is also large, e.g. ca. 8000 cm-' in xanthiones' and ca. 14 000 cm-1 in naphthothiadiazines.8 In tolan, however, transitions to states lower than 11B1, are only seen in the supersonic jet, and the gap is less than 500 cm-' in this case.
During the investigation of a photochemical reaction that leads to tolan as one of its products, we performed measurements of the fluorescence quantum yield CPF and MO calculations for this compound. Our investigation was triggered by an apparent discrepancy in the literature regarding @F. One source9 claimed that @F = 0.0025 at low temperature (probably 77 K), whereas the other10 reported a value of @F = 0.5 almost independent of temperature. After we did our measurements, we learned about the recent picosecond experiment^.^ We think that we can offer a satisfactory explanation of all experimental facts gathered so far for the condensed phase, and probably also for the isolated molecule. Our model does not involve any properties that are unusual for an aromatic molecule. In particular, we assign the fluorescent state X to lIBl,,, which is the lowest electronically excited stateat the equilibriumgeometry of theelectronicground state. However 
Experimental and Calculational hocedures
Tolan (Aldrich) was purified by recrystallization from ethanol followed by vacuum sublimation (melting point 62 "C). Solvents diethyl ether, isopentane, and 3-methylpentane (3MP) from Merck (Uvasol spectrograde quality) were dried by chromatography on a column packed with A1203 (ICN Alumina B Super I) and silica gel (ICN Silica 100-200 aktiv 60A)." Samples in 3MP or in a diethyl ether-isopentane-ethanol mixture (volume ratio 5 2 5 , EPA) with concentrations in the range (1-3) X l C 5 M were prepared in quartz cuvettes of 1 cm X 1 cm cross section and sealed after degassing by several freezepumpthaw cycles. In the course of this preparation 3MP was additionally dried by a K/Na alloy within the sealed glass apparatus. Fluorescence spectra were recorded with a Spex fluorolog consisting of two grating double monochromators (f= 80 cm), one for the excitation and one for the emission light beam, interfaced to a personal computer through home-built electronics. Thesamplewas excited at 295 nm with a band-pass of 10 nm. Emission was detected at right angles with a 5-nm band-pass. The spectral response of this instrument was calibrated against a standard tungsten lamp (Optronic). The temperature in the sample chamber was measured with a Pt 100 resistance thermometer and varied by evaporation of liquid nitrogen. Absorption spectra were obtained in a Perkin Elmer 320 UV spectrometer equipped with a similar sample chamber.
Geometry optimizations for the electronic ground state of tolan and several excited singlet and triplet states were performed with the MOPAC program package.I2 The MNDO HamiltonianI3 and the AM1 parameter set were used, and the PRECISE option was specified throughout. The AM1 method has been optimized for the reproduction of ground-state properties like enthalpies of formation, bond lengths, and bond angles.I4
The MOPAC program package in the version available to us permits a limited amount of configuration interaction (CI) including excitations involving only a few orbitals. To get a more complete picture of the low-lying states, CI including singly and doubly excited configurations was performed with the CNDO/S methodi5J6 augmented with the one-center exchange integrals of the INDO method." This method yields vertical excitation energies to excited singlet and triplet states with comparative accuracy, and oscillator strengths for the transitions between states of the same multiplicity. In each calculation, 200 energyselected configurations for singlet states and 300 for triplet states were included. The bonding properties of the correlated ground state and the excited states were evaluated by an all-valenceelectron bond order18 originally proposed by CohenI9 as a generalization of the Coulson bond order for ?r-electron systems.
The MOPAC calculations were performed on an IBM-3090 mainframe computer (GWDG Gdttingen), and for the INDO/S calculations, a personal computer (33 MHz i486 processor, 16 Mbyte storage) was used. 
Results
Spectra and Quantum Yields. Fluorescence and absorption spectra of tolan in 3MP and EPA solvents for several temperatures are displayed in Figure 1 . It is obvious that (i) the fluorescence quantum yield rises strongly with decreasing temperature, in contrast to the report in ref 10, (ii) the shape of the fluorescence spectrum is temperature independent, and (iii) the absorption spectrum is mirror symmetric to the fluorescence spectrum. Hence only one excited state fluoresces, and the same state is responsible for most of the intensity of the absorption band at ca. 290 nm. There exists a temperature-induced nonradiative deactivation channel for the fluorescing state. Integration of the absorption spectrum yields the oscillator strength according to A rate equation model that, in addition to the decay of the species X and Y to T or the ground state with rate constants kx and ky, also considers forward and reverse reactions between the species with rate constants kxy and kyx yields the expression
(7)
for the fluorescence quantum yield from the species X . Here k, is the radiative decay constant of X. An attempt to fit this expression to the experimental data with temperature-activated contributions in kxu and kYX resulted in kYX << ky in the whole temperature range. Hencea conclusion with respect to the barrier for the reverse reaction and the energetic ordering of X and Y cannot be drawn from the quantum yield data. That the reverse reaction is negligible can also be inferred from the fact that only monoexponential decay of the species X was observed in ref 5 .
If kyx is neglected with respect to ky, the expression for the quantum yield (eq 7) becomes also independent of ky. The total decay rate kx + kxy of the fluorescing state may be approximated by the sum of a temperature-independent part ko = k, + k,,
containing both fluorescence and a nonradiative contribution, and a temperature-activated term. The best fit of the corresponding expression for the fluorescence quantum yield
to the experimental data points is shown as the full line in Figure  2 . The optimized parameters are @FO = k,/ko = 0.50, k,/k, = 1.15 X lo5, and EA = 13.96 kJ/mol. Taking again k, from the Strickler-Berg relation, the frequency factor k, = 7.25 X 1013 s-I isobtained. This corresponds toa vibration with a wavenumber of 2420 cm-I. Calculations. Optimization of the geometry of the electronic ground state with a single determinant wave function and the AM1 Hamiltonian resulted in a planar structure having D2h point group symmetry with a linear triple bond. The optimized geometry parameters and the heats of formation are given in Table I . A survey of the potential energy curve along the coordinate of phenyl ring torsion yielded a rather small barrier of only 0.9 kJ/mol located at the geometry with a perpendicular orientation of the phenyl groups. The experimental value for this shallow barrier is e2.5 kJ/mol,I which is also reproduced by elaborate ab initio calculations. 28 Some attempts were made to optimize geometries of excited states. Since variation of all geometric parameters is very time donsuming for an excited-state wave function, the constraint of planar phenyl groups was imposed. The center of symmetry was also retained, which is justified by the experimental observation of mutually exclusive selection rules for one-photon and twophoton transitions.Is2 A twist of the phenyl group either in plane or out-of-plane as well as bending of the triple bond was admitted. Geometry optimization was performed with a limited configuration interaction wave function (MOPAC option CI = 4), taking into account the two highest occupied and two lowest empty orbitals from the closed-shell SCF calculation. The optimized geometries for the states SI (options SINGLET and ROOT = 2) and TI (options TRIPLET and ROOT = 1) were again planar and showed all symmetry elements of the point group D2h. The geometrical parameters are collected in Table I . It is seen that the largest geometrical change with respect to the electronic ground state is a lengthening of the triple bond CI'-CI and a considerable shortening of the bond C1X2 to the phenyl substituent. Optimization of other roots for both multiplicities were only partly successful and revealed that several excited states are located in close vicinity. Hence the use of such a small configuration basis is questionable.
To gain better insight into the energetic ordering and spectroscopic properties of the low-lying excited states, an INDO/S calculation was performed at the AM1-optimized geometry of the electronic ground state. This calculation included 200 energyselected singly and doubly excited configurations for the singlet states and 300 for the triplet states. Table I1 lists some of the results for the singlet states up to 50 000 cm-I and the triplet states up to the energy of SI. Three strongly allowed one-photon transitions are found in this region: two long-axis-polarized (As -B1,) and one polarized along the short in-plane axis (AB - For the atomic numbering scheme see Figure 3 . An analysis of the configurations contributing more than 4% to the norm of the lowest five singlet and triplet states is shown in Table 111 . We label the occupied orbitals $k of the ground state in descending order beginning with the highest occupied molecular orbital (HOMO). The virtual orbitals $1 are numbered in increasing order beginning with I = 1 for the lowest unoccupied molecular orbital (LUMO). The promotion of an electron from $n to $1 leads to the singly excited configuration a;, i.e. is the HOMO-LUMO transition. For completeness the closed shell reference configuration for the CI is denoted @o. From Table I11 it can be seen that even the leading configurations of these lowest states involve five occupied and six unoccupied orbitals. The energy level diagram and the LCAO coefficient patterns of these most important orbitals a_re drawn in Fjgure 3. Three of these orbitals, namely $4(bZu), $s(b1,7), and $6(b3g) have u character with respect to the molecular plane, i.e. the 2s-and 2py-orbitals of the carbon atoms are involved. The other MOs are r-orbitals consisting of carbon 2px-orbitals only. The orbitals $*(au) and as the parent compound of tolan, which has two pairs of degenerate r-orbitals. Adopting the same axis convention as for tolan, these are the bonding orbitals rX,ry and the antibonding orbitals rx, ry. The orbitals ry and_ are almost completely conserved in the tolan orbitals $4 and $6. Although these orbitals have now u-symmetry in the strict sense of the u -r separation theorem for planar molecules, they are energetically equivalent to *-orbitals and have to be considered for the low-energy excitations. Excitations involving one of these two orbitals and a *-orbital should hence display behavior typical for n** or m* transitions. This relates in particular to the expected large spin-orbit coupling. The other two r-orbitals of acetylene mix strongly with the r-orbitalsof thephenylgroup. Thus these twoorbitalscontribute only ca. 25% to the norm of the HOMO and the LUMO.
For the five lowest singlet states and the four lowest triplets a population analysis in terms of Cohen's all-valence-electron bond-order B(I-J) has been performed. The results for the C-C bonds are listed in Table 111 . The greatest changes AB occur for thecentralbondCl'A21 and thebondtothephenylring,Cl-C2.
Excitation from SO to SI leads to U(l'-l) = -0.335 and AB(1-2) = 0.178. For excitation to TI, the corresponding values are AB(l'-l) = -0.238 and AB(1-2) = 0.170. This is in good agreement with the lengthening of the central bond and shortening of the C 1 4 2 bond observed in the AM 1 geometry optimizations of these states. This can be rationalized by the fact that the HOMO-LUMO excitation is the leading term in these two states. The HOMO is bonding with respect to the central bond and antibonding with respect to the bond to the phenyl group. For the LUMO the opposite is true. Since, however, both orbitals are delocalized, the change of the bond order produced by this excitation is smaller than unity.
For the states l'Bz,, 11B3,, 13A,, l3BZu, and 13Bg only small changes of the bond orders are found. _This can be understood by considering that the empty orbital $4 has a node structure that the 1 'A, state of tolan also decays very rapidly via internal conversion (IC). Due to its UT* character and the resulting large spin-orbit coupling, intersystem crossing (ISC) to the triplet manifold should be an additional fast decay channel.
The strong decrease in the bond order for the central CC bond of tolan in the 1 'A, state suggests that this state in its equilibrium geometry has a significantly longer central bond and a much lower energy. Since at the ground-state geometry the llA, state is only about 1250 cm-1 above SI, it might well be the lowest excited state at its own equilibrium geometry. Thus it seems very likely that the coordinate relevant for the internal conversion between the two excited singlet states apparently involved in the excited-state dynamics is not the phenyl ring torsion or a bending mode of the central chain of the molecule but the stretching mode of the triple bond.
To explore the potential surfaces of the low-lying electronic states along this coordinate, we combined the enthalpy of formation from the AM1 method with the excitation energies obtained with the INDO/S method. Although two slightly different model Hamiltonians are used, this mixed approach offers several advantages. The AM1 method in the implementation available to us permits only the consideration of 100 Slater determinants generated from a maximum of five molecular orbitals. Hence, not even half of the most important orbitals could be included, and only a single configurational basis for all multiplicities can be constructed. In contrast, the INDO/S program generates spin-adapted configurations from all orbitals and selects those with the lowest energies, allowing for separate CI calculations with a large basis for each multiplicity. Further, its parameters have been chosen to yield good results for excitation energies, whereas the AM1 method was parametrized to reproduce ground-state properties. On the other hand, the INDO/S method is not useful for potential surfaces since the c o r m r e interaction needs to be carefully balanced for this purpose. For a given geometry, the core-core interaction is the same in all electronic states, and an improper treatment of this contribution leads to a constant error for all states. In order to connect the energies from both methods, we assume that the ground-state SCF energy is correctly calculated with the AM1 method. Then the error in the total INDO/S energies for all states at a fiied geometry is given by the difference ,$&(So) the energy differences between these states are not affected by R. This is in line with the observation made above that these states involve mainly configurations which do not alter the electron density or the bond order in the triple bond.
Thestates 11B1, and l3B1, resulting from theHOMO-LUMO transition have their equilibrium at R = 1.235 A and R = 1.245 A, respectively. These bond lengths are in good agreement with those found by optimizing the geometry for a limited CI wave function and the AM 1 Hamiltonian (see Table I ). Hence a strong progression in the stretchingvibration of the triplebondis expected for the optical absorption transition llAg -llB1, and the corresponding fluorescence transition 11A8 + l1B~,. As was already shown in Table 11 , this transition is the only one with reasonable intensity to explain the longest-wavelength absorption band of tolan.
If the llA, state were neglected, as is the case in purely n-electron calculations, no crossing of any low-lying electronic states would occur. Due to the much weaker strength of the central C-C bond in this state, however, its potential curve crosses that of 1 IBl,,, 1 lBzu, and 1 ' B3, to become the lowest excited singlet state at the equilibrium bond length of 1.28 A. This length is closer to a standard double bond than to a triple bond.
Discussion
On the basis of the calculations presented above, we propose a model that in our opinion explains all experimental observations made so far for tolan without resorting to any unusual assumption. This model is schematically represented in Figure 5 . The species named X and Y in the recent picosecond experiment^^ are assigned to the excited singlet states llBlu and lIA,, and the relaxation X -Y involves the triple-bond stretching coordinate. The crossing point between these two potential curves leads to the activation energy of EA = 14 kJ/mol derived from the temperature dependence of the fluorescence quantum yield. The preexponential factor k, = 7.2 X lOI3 s-l found for this process agrees well with the frequency of Y = 6.7 X lOI3 s-l (Raman line at 2220 cm-l 26) for the triple-bond stretching vibration. Gutmann et aL2 have observed the vibrationally resolved spectrum of the SO -llB1, transition of tolan isolated in rare-gas matrices. They noticed a sudden increase of vibronic line widths ca. 1300 cm-l above the origin. This indicates the presence of a fast decay channel at an excess energy of ca. 15 kJ/mol.
The reversal of the state ordering is brought about by a small relative movement of the central carbon atoms of less than 0.08 A. The bond orders for the bonds to the phenyl rings are larger in these states than in the ground state, so that one can expect a slight shortening of these bonds. Hence a movement of the phenyl groups might not even be necessary to achieve the geometrical rearrangement, and no viscosity effect is expected for the relaxation. The absence of a viscosity effect has been taken as evidence against a geometrical rearrangement involved in the decay X -Y, but only phenyl ring torsion and bending motions were considered in this c o n t e~t .~ We find that the fluorescence quantum yield approaches a limiting value of *.FO = 0.50 at lowest temperature. Hence the relative coordinate - Figure 5 . Schematic diagram of the potential energy curves and the kinetic model used to analyze the excited states dynamics in tolan. The initially excited state 'Bl, decays radiatively back to the ground state lIA,with rateconstant k,. A radiationlessand temperature-independent decay leads with the total rate constant k,, and unknown branching ratio to the states 'A, and )Blu. The decay to 'A, is thermally activated with activation energy EA and frequency factor k,. The state 'A, decays with rate constant klsc to the triplet state )Blu which returns to the ground state with rate constant k~.
decay chain proposed by HOMN (eq 1) must be modified to include a temperature-independent decay of lIBl, bypassing the species 1 'A,,. Since the yield of triplets seems to be temperature independent, this decay must at least partly lead to the lowest triplet state 13Bl,,. Our model explains all observations made in the condensed phase for tolan. As the result of the crossing of the adiabatic potential energies of two electronic states, the lowest energy excited potential surface displays two minima. The first minimum is the speciesx with ~B I , character. It is reached by vertical excitation from the ground state and is the initial state for the fluorescence of tolan. The second minimum with 'A, character is species Y. Since X decays to Y at room temperature without any detectable reverse reaction or establishment of equilibrium, Y must be lower in energy than X by at least 300 cm-I. On the other hand, the non-Born-Oppenheimer coupling between both states is small, i.e. far from the statistical limit or even the intermediate coupling case, since the decay X -. Y is suppressed at low temperatures.
Hence the energy gap cannot be much larger than 1000 cm-I. We prefer to view the decay X -Y as a photochemical reaction; i.e.
X and Y could be regarded as excited-state isomers.
If one refers to the adiabatic potential curves, then 1lB1, is indeed the second excited singlet state since its minimum is higher than that of llA,. This is not, however, what HOMN had in mind when they assigned the fluorescence to the S2 state, since they assumed a lower excited state at the same geometry. Such a situation seems very unlikely also in view of the fact that the fluorescence quantum yield approaches @F = 0.50 at low temperatures. This would be at least 1 order of magnitude larger than the largest quantum yield observed so far for a fluorescence from a higher excited singlet state of any polyatomic molecule.
Although reordering of the level structure through solvent effects is in principle possible, it may be asked whether the same picture applies also for the isolated molecule, in particular since the situation observed for tolan in the condensed phase is well represented by the calculation of the isolated molecule. Excitation spectra of tolan in a supersonic jet show weak lines to the red of the strong 1 'A, -1 lBlu transition. These lines could correspond to direct (nonvertical) excitation to the lIA, state. For 242'-hydroxyphenyl)benzothiazole, a molecule which undergoes intramolecular proton transfer in the excited state, direct nonvertical excitation of the tautomer was observed recently.27 In this molecule the two wells of the SI potential surface are separated by only a small geometrical change, and the same seems to be true for tolan.
Conclusion
It is concluded that the optically allowed state lIB1, is the lowest excited singlet state at the equilibrium geometry of the electronic ground state of tolan. This state is responsible for the entire fluorescence and the longest-wavelength absorption band of tolan. At larger distances of the central carbon atoms, another state, 1 IA,, is lower in energy. In the isolated molecule nonvertical transitions to the lIA, state could explain the weak lines to the red of the origin of the strong 1' A, -llB~,, transition. Although both states experience different solvent shifts, lIA, is still the lowest excited state at its own equilibrium geometry. Hence the assignment of the fluorescing state to S2 by HOMN is formally confirmed. The crossing from lIBlu to lIA, involves an energy barrier of 14.0 kJ/mol in the condensed phase. This decay has more similarity to an excited-state isomerization than to internal conversion. The failure to observe direct transitions to 1 'A, in the condensed phase could be due to solvent effects on the equilibrium distance of the l'A, state leading to very small Franck-Condon factors for transitions from the ground state.
